We here describe a study of the enzyme-mediated acylation reaction of 6,7-dihydroxy-linalool stereoisomers, which are natural triols occurring in different vegetal species. We found that only few lipases are able to catalyze the acylation of the secondary hydroxy group present in these isomers and only lipase from Candida rugosa and novozyme 435 provide either (3R,6R)-6-acetoxy-7-hydroxylinalool or (3R,6S)-6-acetoxy-7-hydroxylinalool in moderate and very good isomeric purity, respectively. Even for these favorable cases the reaction proceeds very sluggishly. Our finding can give a sensible interpretation to the fact that 6-acyl-7-hydroxy-linalool derivatives do not occur in nature, whereas the corresponding glycosides, whose formation is catalyzed by glycosidase, are very common.
T h e
The monoterpene linalool and a number of its hydroxylated derivatives are secondary metabolite occurring in different vegetal species [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Although both enantiomeric forms of linalool are present in nature, (R)-linalool (1), its 6,7-dihydroxylated derivatives (2a-5a) and a number of their glycoside derivatives ( Figure 1 ) are more common than the corresponding (S)-linalool deriving monoterpenes. More specifically, compounds 1-5 seem to play a relevant role in the generation of the flavors of Muscat grape [1, 2] , papaya fruit [3] and tea [4] . In this context, even if the triol derivatives 2 and 3 are odorless in their own right, it is thought that their chemical degradation is responsible for the formation of a number of odorants including linalool oxides 4 and 5. Furthermore, the aforementioned triols are relevant chiral building blocks whose preparation and exploitation in natural products synthesis have been the subject of specific studies [16, 17] . It is worth noting that their enantioselective synthesis is subordinated to the employment of expensive AD-mix dihydroxylating reagents, whereas the equimolar mixture of 2a and 3a is preparable using the cheaper Upjohn dihydroxylation [18] process ( Figure 2 ).
Since we need a considerable amount of the stereoisomerically enriched forms of these triols, we investigated the feasibility of their diastereoisomeric separation. As the triols mixture is a liquid material and the two diastereoisomers are not separable by chromatography, we first prepared some derivatives in order to verify whether the new compounds could be separable more easily. To this end, we exploited the different reactivity of the three hydroxyl groups present in the monoterpene framework. Treatment of the aforementioned triols mixture with acetic anhydride and pyridine allowed the regiospecific synthesis of the esters 6/7, whereas its reaction with either CDI or with 2,2-dimethoxypropane provides the carbonates 8/9 or the dioxolanes 10/11, respectively. Unfortunately, each of these derivatives consisted of an equimolar pair of diastereoisomers which were not separable by chromatography. Therefore we decided to study a different approach based on the enantioselective functionalization of the 6-hydroxy group. Taking advantage of our previously acquired experience on the enzyme-mediated resolution of racemic diols [19] [20] [21] [22] [23] , we selected compounds 2a/3a and 8/9 as possible starting materials for a prospective separation protocol, based on an enzyme-catalyzed transformation ( Figure 3 ). More specifically, we envisaged that the irreversible acetylation of triols 2a/3a or the hydrolysis of carbonates 8/9 could be catalyzed by lipases and the inherent enantioselectivity of these transformations could afford, diastereoselectively, acetates 6/7 or triols 2a/3a, respectively. Accordingly, we initially tested the catalytic activity of a large number of lipases toward the acetylation of the triols 2a/3a, using vinyl acetate as acyl donor and tBuOMe as solvent. The results of the study are collected in Table 1 and allow some interesting considerations. First of all, we can observe that only few lipases are able to catalyze the acylation of the secondary hydroxyl group and even for these favorable cases the reaction proceeds very sluggishly.
Since we have already reported that porcine pancreatic lipase (PPL) and pig liver esterase (PLE) are especially suitable for the resolution of primary alcohols [23] [24] [25] , it is not a surprise that compounds 2a/3a, having secondary and tertiary hydroxyl groups, were not the preferential substrates for the latter enzymes. On the contrary, as lipase PS has proved to catalyze efficiently and with high selectivity the acylation of a number of sterically hindered diol derivatives [19] [20] [21] [22] , its ineffectiveness on substrates 2a/3a is an amazing result. Among effective enzymes, lipase from Candida rugosa (CRL) catalyzes the acetylation of triol 3a affording acetate 7 in moderate diastereoisomeric purity. Opposite enantiopreference is showed by lipase B from Candida antarctica (novozyme 435), by lipase A from C. antarctica (CAL-A) and by lipase from Pseudomonas fluorescent (AK) that catalyze the acetylation of triol 2a affording acetate 6 in very high, poor and very poor diastereoisomeric purity, respectively. 
a) The acetylation was performed at 25°C, using vinyl acetate as acyl donor and tBuOMe as solvent. b) Determined after chromatographic purification of the reaction mixture. c) The de (%) were measured by 1 
H NMR analysis (see experimental section); d) Enantiomer ratio calculated as E=ln[1-c(1+de)]/ln[1-c(1-de)]
, [26] .
Since acetates 6 and 7 are easily separable from the starting triols mixture, we can conclude that novozyme 435 and CRL could be suitably employed to prepare diastereoisomerically enriched triols 2a and 3a, respectively. Overall, the main point of weakness is the very low catalytic activity of these hydrolytic enzymes. Even novozyme 435, which shows very high enantioselectivity (enantiomeric ratio = 38.5), needs a long time to reach a valuable conversion. Hence, we decided to investigate whether the same enzyme could work better by changing acyl donor, by using additives or by working in hydrolytic conditions. A few preliminary experiments demonstrated that esterification with acyl donors having a longer linear chain (e.g. vinyl butyrate and laurate) did not give better results. Moreover, although triethylamine has been used to increase both the enantioselectivity and the rate of different lipase-catalysed reactions [27] , the latter additive did not afford any enhancements for novozyme 435, whereas a definite reduction in the enantioselectivity was recorded for CRL where the enantiomeric ratio dropped from 8.8 to 2.5.
Finally, we checked the catalytic reactivity of novozyme 435 in the hydrolysis of carbonates 8/9. Unfortunately, the reaction proceeded slowly even at 45°C and the products consisted of an equimolar mixture of triols 2a and 3a, suggesting that chemical hydrolysis is much faster than the enzymatic one. In conclusion, we have devised an easy chemo-enzymatic procedure for the preparation of isomerically enriched (3R,6R)-6,7-dihydroxy-linalool and (3R,6S)-6,7-dihydroxylinalool starting from (R)-linalool. Although the process is very cheap and operationally simple, the low efficiency of the acetylation step is a relevant drawback. Therefore, the previous developed synthesis based on asymmetric dihydroxylation is still competitive, at least to a certain extent.
Nevertheless, our finding can also give a sensible interpretation to the fact that 6-acyl-7-hydroxy-linalool derivatives do not occur in nature, whereas the corresponding glycosides are very common. In fact it is possible to speculate that the low activity of the lipases/esterases does not allow the formation of the 6-acyl derivatives, while the glycosidases might possess higher activity thus giving rise to a plethora of glycoside derivatives. It is worth noting that the acetate of linalool oxide (4a) is a natural product occurring in Tanacetum nubigenum [28] . This fact suggests that the hydroxyl group present in position 7 of the 6,7-dihydroxylinalool framework could hamper the lipases activity. Further studies on this topic are ongoing and will be reported in a due course. 
Chemical acetylation of triols 2a and 3a:
The above described equimolar mixture of triols 2a and 3a (1 g, 5.3 mmol) was dissolved in pyridine (5 mL) and treated with acetic anhydride (5 mL) at rt for 12 h. The volatiles were removed using a rotary evaporator and the residue was purified by chromatography using n-hexane/EtOAc (7:3-1:1) as eluent to afford a 1:1 mixture of acetates 6 and 7 (1.16 g, 95% yield) as a colorless oil that solidified on standing. MP: 78-83 °C 
(S,R)-5-((R)-3-Hydroxy-3-methylpent-4-enyl)-4,4-dimethyl-1,3dioxolan-2-one:
A solution of the equimolar mixture of triols 2a and 3a (1 g, 5.3 mmol) in tBuOMe (10 mL) was treated with CDI (2.6 g, 16 mmol) stirring at 50°C until starting triols were no longer detectable by TLC analysis (8 h). The reaction was then cooled, diluted with diethyl ether (60 mL) and quenched with water (50 mL). The organic phase was washed with brine, dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was chromatographed using nhexane/EtOAc (9:1-7:3) as eluent to afford a colorless oil consisting of a 1:1 mixture of carbonates 8 and 9 (0.92 g, 81% yield). 1 3 mmol) was dissolved in methanol (5 mL) and treated with 2,2-dimethoxypropane (5 mL) and PPTS (100 mg, 0.4 mmol) stirring at rt until starting triol was no longer detectable by TLC analysis (4 h). The reaction was then diluted with CH 2 Cl 2 (60 mL) and was washed with a saturated solution of NaHCO 3 aq.
(50 mL). The organic phase was washed with brine, dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was chromatographed using n-hexane/EtOAc (9:1-8:2) as eluent to give a colorless oil consisting of a 1:1 mixture of dioxolanes 10 and 11 (1.07 g, 88% yield). 1 
Lipase-catalyzed acetylation of triols 2a/3a:
A sample of the equimolar mixture of triols 2a and 3a (1 g, 5.3 mmol) was dissolved in tBuOMe (15 mL) and treated with vinyl acetate (5 mL) and with the suitable lipase (1 g), stirring (or shaking for immobilized enzymes) at 25°C for a given time ( Table 1 ). The reaction was stopped at the reported conversion by filtration of the enzyme and evaporation of the solvents at reduced pressure. The residue was chromatographed using n-hexane/EtOAc (7:3-1:2) as eluent to afford acetates 6/7 and unreacted triols 2a/3a. The diastereoisomeric excesses of the acetates was determined by 1 H NMR analysis on the basis of the relative intensity of the double doublet at δ 5.89 ppm (6) and of the double doublet at δ 5.87 (7) .
(3S,6R)-2,6-Dihydroxy-2,6-dimethyloct-7-en-3-yl acetate (6): Colorless oil. Obtained using novozyme 435 as catalyst.
[α] D 20 : 9.3 (c 1.9, CHCl 3 ); 94% de.
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Serra and De Simeis (3S,6R)-2,6-Dimethyloct-7-ene-2,3,6-triol (2a): The hydrolysis of the above mentioned acetate 6 (NaOH in refluxing methanol) afforded pure 2a (95% yield, 93% de) as a colorless oil.
[α] D 23 : 16.3 (c 1.4, CHCl 3 ); Lit. [16] [α] D : 15.9 (c 1.0, CHCl 3 ) (3R,6R)-2,6-Dihydroxy-2,6-dimethyloct-7-en-3-yl acetate (7): Colorless oil. Obtained using CRL as catalyst.
[α] D 20 : 5.2 (c 2.5, CHCl 3 ); 76% de.
(3R,6R)-2,6-Dimethyloct-7-ene-2,3,6-triol (3a): The hydrolysis of the above mentioned acetate 7 (NaOH in refluxing methanol) afforded pure 3a (95% yield, 76% de) as a colorless oil.
[α] D 23 : +15.1 (c 2.3, CHCl 3 ); Lit. [16] [α] D : +25.5 (c 1.0, CHCl 3 )
Attempt to hydrolyze carbonates 8/9 using novozyme 435 as catalyst: A solution of the equimolar mixture of carbonates 8 and 9 (0.5 g, 2.3 mmol) in tBuOMe (3 mL) was treated with pH 7 sodium phosphate buffer (0.025 M, 30 mL) and novozyme 435 lipase (0.5 g) shaking at 45°C for 8 days. The reaction was stopped by filtration of the enzyme and extraction of the filtrate with ethyl acetate (3 x 30 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ) and concentrated at reduced pressure. The residue was chromatographed to afford triols 2a/3a (110 mg, 25% yield, 2a:3a ratio = 1:1) and unreacted 8/9.
Supplementary data:
Copies of the 1 H-and 13 C-NMR spectra for acetates 6 and 7 are available.
